ABSTRACT Summary: New techniques in sample preparation allow high throughput analysis of samples on the transcriptional as well as on the metabolic level. We present a service accessible via the web that allows the analysis of integrated data sets that combine gene-expression data and metabolic data. After uploading, data sets can be normalized, clustered by various methods and results can be graphically visualized. All calculations are carried out on a server, so even time-and memory-consuming analyses can be done independently of the performance of the client. Availability: The service is accessible via web-interface at
INTRODUCTION
Highly powerful experimental techniques allow large-scale and parallel profiling of biological samples. Profiling on the transcriptomic level is done using cDNA or oligonucleotide hybridization arrays, which provide information on the concentrations of mRNA (Baldwin et al., 1999) . These microarray experiments are used to identify differentially expressed genes, to make functional annotations of co-expressed genes and to reconstruct regulatory networks. Recently, large-scale analysis of metabolite levels became available which gives additional insight into the internal state of the biochemical system (Fiehn et al., 2000) . Metabolic properties have been used to distinguish different genotypes (Taylor et al., 2002) . Additionally, only integrated analysis of metabolites and transcripts will reveal regulatory properties on a systems level (Weckwerth and Fiehn, 2002; Weckwerth, 2003) . Results from both expression data and metabolite data can be used to elucidate different levels of cellular regulation leading to mechanistic insights into genetic and physiological control. In an example, the identification of specific genes required for the biosynthesis of a secondary metabolite that is used as clinical agent showed the importance of the integrated analysis (Askenazi et al., 2003) . * To whom correspondence should be addressed.
OVERVIEW
We have developed a web-based service which allows the analysis of integrated data sets containing gene-expression data and metabolite data. At the web front-end, a tab-separated data set can be uploaded. The file format is limited to an ASCII text table containing genes and/or metabolites in rows and experiments in columns. Data normalization is an essential preprocessing step in the comparison of transcriptional and metabolic data, since both technologies provide different measurement categories. We therefore implemented several normalization algorithms like normalization to the maximum, mean, median, variance, standard deviation, vector norm, root mean square, z-score, and others. Analysing directly the normalized data set can be done with k-means clustering and principal component analysis. Different types of hierarchical clustering, which are based on the prior calculation of a distance matrix, are also implemented. The underlying distance matrix is then calculated as a first step using a distance measure (e.g. Euclidean or Manhattan distance, Pearson's correlation coefficient or mutual information). The distance matrices can also be downloaded to be post-processed by the user. Different file formats for the download are available to import directly the distance matrix into graph visualization tools. Analyses on shuffled data sets are useful for the calculation of significance levels, therefore our service allows the shuffling of uploaded data sets. Documentation is available in PDF format and can be downloaded from the web site.
IMPLEMENTATION
MetaGeneAlyse is a service that runs on a multiprocessor Linux server under the web-server Apache. It consists of a compilation of Perl scripts for the dynamic generation of web pages and performance-optimized C++ programs for time-consuming calculations. For the graphical visualization of clustering results we use the statistics package R (http://www.r-project.org/). The generated figures can be displayed and downloaded in JPEG and PDF format. Timeconsuming calculations of distance matrices are handled by a job queuing system, whereas smaller jobs are calculated onthe-fly. This job management system allows the user to upload and analyse large data files containing up to 6000 genes and metabolites.
Freely available tools for the exploration of microarray data which run under Java on the user-side have been reported (Dysvik and Jonassen, 2001; Sturn et al., 2002 ). An advantage of our service is the calculation of large distance matrices which gets computationally expensive and requires a large working memory for larger data sets. Such data sets could not be analysed with software running on client-side workstations.
The analysis of a data set consists of several steps from normalization to the choice of a distance measure and a clustering method. Each combination of these algorithms will tend to emphasize different types of regulation inherent in the data. The comparison of results obtained from different combinations might give additional complementary information. For instance, the results obtained by hierarchical clustering based on different similarity measures like the Pearson correlation coefficient and mutual information can be compared to detect potential non-linear correlations in the data. Also, after different normalization steps, the same clustering algorithms can be applied to analyse the impact of normalization to the data.
